Abstract. Traumatic pseudoaneurysm of the middle meningeal artery (MMA) is a rare entity that is typically associated with a high risk of rupture and mortality. Only few such cases of pseudoaneurysms have been reported in the medical literature and therefore, the optimal management of this condition remains undetermined. The present study reported on a female patient (age, 20 years) with angiographically progressive pseudoaneurysm of the MMA after head injury. The pseudoaneurysm was successfully embolized with the liquid, non-adhesive embolic agent Onyx™. The mechanism of formation of traumatic pseudoaneurysms, their imaging characteristics and the optimal treatment plan were discussed.
Introduction
Traumatic pseudoaneurysm of the middle meningeal artery (MMA) is a rare condition and usually a hidden complication of head injury. It accounts for <1% of all intracranial aneurysms (1) . Histologically, these aneurysms are not true aneurysms, as the latter are characterized by dilatation of all layers of the blood vessel wall, while a pseudoaneurysm is formed by traumatic rupture of the arterial wall, resulting in hematoma formation outside the artery (2) . The wall of the pseudoaneurysm is composed of the surrounding fibrous tissue and cerebral structures (2, 3) . The fragility of the pseudoaneurysm wall makes it particularly susceptible to rupture, resulting in a high risk of mortality (3) . Therefore, appropriate and timely management is imperative in such cases. However, a major limiting factor is that the natural course of pseudoaneurysms is not well understood and their detection during emergency computerized tomography (CT) scans is challenging owing to the lack of typical signs (4) . Furthermore, there are no definite management guidelines for these lesions (5, 6) .
Onyx™ is a liquid, non-adhesive embolic agent, which is ideal for slow, targeted injections. It has been used in intracranial aneurysms and arteriovenous malformations (7) (8) (9) . With technological progress, its use has been expanded to and established in the management of cerebral pseudoaneurysm (10, 11) .
The present study reports on a case of traumatic pseudoaneurysm of the MMA with angiographic changes progressing for a period of one week, which was successfully embolized using Onyx™. The available literature on this subject was also reviewed, and the neuroradiological signs of the pseudoaneurysm and the feasibility of Onyx™ in the treatment of this condition were discussed.
Case report
A 20-year-old female patient presented at the emergency department of a local hospital with an acute head injury sustained in a motor vehicle collision, following which she remained unconscious for ~10 min on October 14th, 2014. On admission, the patient was conscious; her Glasgow Coma Scale score was 14/15 with no localizing neurological signs. Initial cranial CT scan revealed an ~17-ml epidural hematoma in the left temporal region along with left temporal bone fracture (Fig. 1) . Since there was no mass effect or midline shift, the patient was treated conservatively with hemostatic drugs and mannitol, following which she remained clinically stable. Repeated CT on the same day and the next day indicated no increase in the size of the hematoma. After medical treatment for two weeks, a gradual improvement in the signs and symptoms of the patient was noted. At 1 month after the head injury, follow-up by serial brain CT indicated a near-complete resorption of the hematoma and the patient was discharged from hospital. However, a routine follow-up CT scan performed at 38 days after the head injury revealed a hyperdense nodule in the left temporal region ( Fig. 2A) . CT revealed a hyperdense nodule with strong homogeneous contrast enhancement, which was suspected to be vascular in nature (Fig. 2B) (Fig. 2C) . The patient underwent digital subtraction angiography (DSA) three days later. The DSA confirmed the diagnosis and revealed two pseudoaneurysms arising from the posterior branch of the left MMA (Fig. 3) . The patient and her family members were reluctant to accept surgery at the local hospital; therefore, the patient was referred to Jinling Hospital (School of Medicine, Nanjing University, Nanjing, China). After 1 week, cerebral angiography was repeated to evaluate the pseudoaneurysms and to determine the treatment plan. The angiogram revealed that, while the proximal pseudoaneurysm had decreased in size, the distal one had enlarged (Fig. 4A ). Due to its progressive nature, there was a high risk of rupture; therefore, immediate embolization was planned, and informed consent was obtained.
The procedure was performed under general anesthesia. Access was obtained via a transfemoral approach by standard techniques. The left external carotid artery and the branch of the left MMA were selectively catheterized using an Echelon™ 10 microcatheter. The microcatheter was flushed with 4 ml saline and its dead space was then filled with 0.3 ml of dimethyl sulfoxide (DMSO). Under constant fluoroscopic guidance, ONYX™ 34 was injected to embolize the posterior branch of the MMA as previously reported ( Fig. 4B ) (12).
After embolization, selective angiography indicated that the left external carotid artery and the left MMA were normal except for the posterior branch, and the pseudoaneurysm was no longer visible. Repeated CT performed on the next day revealed that the hyperdense nodule, which was present pre-operatively, had disappeared and there were no signs of any new hemorrhage. The patient was discharged from hospital on the third post-operative day with no neurological deficit. Follow-up DSA performed six months following the head injury revealed no signs of recurrence of the pseudoaneurysm (Fig. 5 ).
Discussion
Traumatic pseudoaneurysm is a rare entity, accounting for ~1% of all aneurysms (1). In most cases, pseudoaneurysms are formed due to a tear in the arterial wall after head injury (13) . Approximately 85% of all traumatic pseudoaneurysms are located in the temporal region and the remaining ones occur either in the occipital or the frontal region (14) . Traumatic pseudoaneurysm of the MMA was first described by Schulze in 1957 (15) . An estimated 70-90% of traumatic pseudoaneurysms of the MMA arise in association with a fracture of the skull bone overlying the temporal part of the MMA (16). In the current case, an anterior fracture line passing through the temporal part of the MMA was clearly discernible and two pseudoaneurysms occurred in the posterior branch of the left MMA. Besides direct trauma to the arterial wall, traction of the MMA may occur during closed head trauma. Cases of pseudoaneurysms of the MMA ostensibly caused by traction of the MMA have been reported in patients with no documented bone fracture on the same side (3, 13, 17) .
Almost all MMA pseudoaneurysms reportedly rupture within 30 days of formation, resulting in high mortality and morbidity (17, 18) . Therefore, the requirement for early diagnosis and timely management of pseudoaneurysms cannot be overemphasized.
Prior to the availability of DSA, no specific imaging modalities for diagnosis of traumatic pseudoaneurysms were available. Wang et al (19) suggested four indicators for the diagnosis of traumatic pseudoaneurysm of the MMA based on CT findings: i) Basal skull fracture in the temporal region on the sequential bone window; ii) hypodense nodule within an acute hematoma; iii) a well-organized and encapsulated hematoma with a hypodense nodule; and iv) strong and homogenous enhancement of the hypodense nodule within the organized and encapsulated hematoma. However, none of the above indications were observed in the serial CT scans of the present case. In contrast to the results of Wang et al (19) , in the present case, the pseudoaneurysm appeared as a hyperdense nodule in the left temporal part on non-contrast CT, and this nodule exhibited a strong and homogenous enhancement on contrast CT. The hyperdense nodule was confirmed to be a pseudoaneurysm by three-dimensional CT angiography, and later by DSA. Thus, strong and homogenous enhancement of hyperdense nodule in a hematoma may be an indicator of pseudoaneurysm. It has also been suggested that enlarging parenchymal hematoma and atypical hematoma evolution on CT scan should lead to angiographic validation (20) . Several other studies suggested that CT angiography is a useful and effective tool to confirm the diagnosis of pseudoaneurysm (4, 19) .
Digital subtraction angiography is usually considered the gold standard for the diagnosis of traumatic pseudoaneurysm. In the case of the present study, the specific characteristics of traumatic pseudoaneurysm were evidenced by DSA. The typical characteristics of traumatic pseudoaneurysm observed on angiography are as follows: Elliptical or irregular-shaped aneurysmal sac without neck, peripheral location at a distance from a branching point, and delayed and slow filling and emptying of contrast agent during the procedure (18) . In the present case, initial angiography at the patient's local hospital revealed the pseudoaneurysm of MMA; however, the patient was reluctant to receive open surgery to clip the pseudoaneurysm, and therefore, conservative therapy was adopted. However, repeat angiography performed one week later revealed an increase in the size of the pseudoaneurysm. Similar pseudoaneurysm progressions have been reported in other studies (5, 21) . One of the possible mechanisms of the progression of pseudoaneurysm is that the initial tear in the meningeal artery is small and tends to get sealed off by clot and subsequently, the size of clot increases due to further leakage of blood, resulting in recanalization and formation of a false lumen. Thus, the pseudoaneurysm gradually aggravates and may rupture spontaneously (5, 21) .
A review of literature revealed gaps in the current knowledge of the pathophysiology of pseudoaneurysms compared with that of other vascular malformations in the brain (3,22,23 ). In addition, there are no definitive treatment guidelines for the management of affected patients (5, 6) . Certain studies have documented spontaneous resolution of aneurysms without treatment, which suggests that pseudoaneurysm may be followed up conservatively with periodic conventional angiography (6, 24) . In the present case, conservative treatment and observation were performed for one week; however, repeat DSA revealed that one of the two pseudoaneurysms had worsened, while the other had slightly reduced. In another similar report, Lee et al (5) presented a case with progressive traumatic pseudoaneurysm arising from the MMA, and the lesion was finally treated with endovascular embolization. Furthermore, the friable pseudoaneurysmal walls are prone to rupture, and may result in mortality. It is estimated that >80% of traumatic pseudoaneurysms rupture and the mortality rate may reach up to 20% (13, 18, 25) . Given the high mortality rate following rupture, it is strongly recommended that the pseudoaneurysms should be managed in a timely and safe manner.
Open surgery has been the traditional choice of treatment for pseudoaneurysm, and several reports have established its success (2, 18, 22, 26) . During open surgery, the pseudoaneurysm may be excised, clipped or trapped, and the surrounding hematoma may also be evacuated at the same time. However, surgery may be challenging given the friable nature of the aneurysm, which often lacks a satisfactory aneurysmal neck for clip placement; therefore, open surgery for pseudoaneurysm is associated with a higher risk of intra-operative rupture and surgical morbidity compared with surgery of a common saccular aneurysm (27) (28) (29) .
With advances in technology and materials, endovascular surgery including coil embolization and parent vessel occlusion is a reasonable alternative treatment option for pseudoaneurysms. Kawaguchi et al (16) reported the successful embolization of a left MMA pseudoaneurysm with four fibered platinum coils. Jussen et al (23) reported on the embolization of two MMA pseudoaneurysms by coils and suggested that endovascular embolization represents a safe treatment option for traumatic MMA pseudoaneurysms. However, the small size and irregular morphology of pseudoaneurysms may not allow for the accommodation of standard-sized coils. Furthermore, any manipulation of the pseudoaneurysm wall, whether with the microcatheter or during coil placement, increases the risk of intraprocedural rupture (10, 27) . On the other hand, it is frequently difficult to completely occlude the aneurysm-bearing vessels with coils. For these reasons, complete embolization using liquid embolic agents such as Onyx™ may be a safer and more effective management option.
Onyx™ is an ethylenevinyl alcohol co-polymer dissolved in DMSO with added micronized tantalum powder to provide radiopacity (30) . A major advantage of Onyx™ is its non-adherence to the catheter and vessel, which allows the operator to inject the substance slowly and with more precision; this facilitates real-time monitoring for reflux and precludes the concern for catheter adhesion (27) . It is thought that Onyx™ allows for more precise achievement of proximal occlusion than N-butyl cyanoacrylate or coils (31) . Onyx™ embolization of pseudoaneurysms has been described in several previous case reports (27, 32, 33) . The present study further demonstrates that Onyx™ treatment is a safe and effective modality for embolization of pseudoaneurysms.
In conclusion, traumatic pseudoaneurysm of the MMA is a rare, yet life-threatening condition. Although there are no typical signs on CT or MRI, meningeal pseudoaneurysm should be considered as one of the differential diagnoses in cases of enlarging hematoma or unusual or delayed hematoma evolution on CT, particularly if a fracture line crosses the middle artery location. Due to the high rupture rate and mortality associated with pseudoaneurysm, open surgery remains a traditional choice of treatment for pseudoaneurysm; however, with the development of technology and materials, embolization with Onyx™ should be considered a reasonable treatment option for traumatic pseudoaneurysm of MMA for patients who are not suitable for open surgery.
